In natural light-harvesting systems, pigment-protein complexes (PPC) convert sunlight to chemical energy with near unity quantum efficiency. PPCs exhibit emergent properties that cannot be simply extrapolated from knowledge of their component parts. In this Perspective, we examine the design principles of PPCs, focussing on the major light-harvesting complex of Photosystem II (LHCII), the most abundant PPC in green plants. Studies using two-dimensional electronic spectroscopy (2DES) provide an incisive tool to probe the electronic, energetic, and spatial landscapes that enable the efficiency observed in photosynthetic light-harvesting. Using the information about energy transfer pathways, quantum effects, and excited state geometry contained within 2D spectra, the excited state properties can be linked back to the molecular structure. This understanding of the structure-function relationships of natural systems constitutes a step towards a blueprint for the construction of artificial light-harvesting devices that can reproduce the efficacy of natural systems.
Introduction
Sunlight is a ubiquitous source of renewable energy, powering the growth of natural systems. Biomimetic devices offer one approach to harvest, store, and use solar power for the world's energy needs. [1] The first step in the construction of such devices is extracting a blueprint from natural systems through an understanding of photosynthetic function. In the primary steps of photosynthetic light-harvesting, photoenergy is converted to chemical energy with near unity quantum efficiency. [2] This process occurs by spatial transport of photoenergy through networks of pigment-protein complexes (PPCs) to a central location, known as the reaction centre, where the excitation drives a chain of electron transfer events. The structure that gives rise to this photoenergy to photochemical energy conversion in green plants, the Photosystem II supercomplex, is shown in Fig. 1a , with the primary antenna PPC, the major lightharvesting complex of Photosystem II (LHCII), shown in Fig. 1b . [3] [4] [5] Within the photosynthetic apparatus, the PPCs are found in a specific arrangement within a lipid bilayer membrane. Within a PPC, pigments are found within a surrounding protein matrix in fixed positions and relative orientations, which dictate the electrodynamic interactions, or Coulombic couplings, between pigments and with the surrounding protein matrix. [6] These couplings, in turn, govern the resultant efficient, unidirectional, and controllable energy flow.
There are two driving forces behind the design of the photosynthetic apparatus: 1) the sun is a dilute energy source (with maximum intensity ,1 kW m À2 ); and 2) on a nanosecond timescale, photoenergy can be lost as fluorescence or through triplet formation, which in turn can give rise to deleterious photoproducts, such as singlet oxygen. As will be discussed in this manuscript, these two driving forces both require a high density of pigments. Thus, they lead to dense packing of PPCs within the membrane (80 % of the area of the thylakoid membrane is comprised of PPCs) [7] and dense packing of pigments within PPCs (pigments are held by the protein matrix in densities of up to 1 M within PPCs). [8] It is notable that at concentrations of chlorophyll in solution much lower than that of photosynthetic complexes the fluorescence yield begins to decrease due to quenching effects. [9] Here, the relative orientations and spacings of the pigments are designed to prevent quenching effects. There are functional benefits from the dense packing. First, as the combined excited state transition dipole moments of some PPCs, such as LHCII, are close to isotropic, [2, 10, 11] the density of pigments allows for maximal absorption of all polarizations of incident sunlight. The directions of the excited state transition dipole moments are known within the chlorophyll molecule, which in turn are known from the structural model from X-ray crystallography. Second, the high density has the effect of giving rise to strong coupling between pigments, which leads to ultrafast energy transfer between them, allowing the excitation to reach the reaction centre before other photochemical processes can occur.
The most abundant PPC in green plants, LHCII, binds .50 % of the world's chlorophyll, and is the antenna system where most initial absorption events occur. As shown in Fig. 1b , LHCII has a trimeric structure, with 14 chlorophyll per monomer, 8 chlorophyll-a (Chl-a) and 6 chlorophyll-b (Chl-b). [10] These chlorophylls are held in a closely-packed arrangement within the protein matrix, with few-angstrom distances between pigments and between pigments and the surrounding protein. These small distances give rise to strong pigment-pigment and pigment-protein couplings that are similar in magnitude to each other, and to k B T at room temperature (200 cm À1 ). [6] The pigment-pigment and pigment-protein couplings modify the electronic and dynamical functions of the individual molecules, and in this way produce emergent properties different from those of the individual pigments. Because the combination of multiple couplings determines the observed behaviours, the contribution of each molecule is often obscured. An understanding of the function of LHCII as the site of initial absorption, and how its architecture is optimized for this function, requires characterizing the electronic structure, how the individual molecules produce this electronic structure, and determining the pathways of energy flow through time and space. [6, [13] [14] [15] [16] [17] Two-dimensional electronic spectroscopy (2DES) has provided a valuable tool to study structure-function relationships within condensed phase molecular systems. [16, [18] [19] [20] 2DES correlates excitation and emission energies as a function of a delay time between excitation and emission events. In these spectra, the excited state couplings, energies, geometries, and dynamics can be observed with femtosecond temporal resolution. In this work, we enumerate a series of characteristics of photosynthetic systems seen using 2DES on LHCII, and speculate on their utility. Building on extensive previous theoretical and experimental work on LHCII, [13, [21] [22] [23] [24] [25] [26] the excited state energies, [27] short-time dynamics, [12] and angles between individual excited states [11] were observed. This information, in combination with theoretical work, informs on how the molecular structure produces the electronic structure. Observing these structurefunction relationships provides a further step, adding to the substantial body of knowledge from previous work, towards understanding the design principles behind photosynthetic PPCs. Thus, this information can be used as a guide towards a blueprint for artificial photosynthetic systems. [28, 29] Electronic and Molecular Structure
Excited State Geometry
The spectroscopically observable excited states are the energy eigenstates, or excitons, of the systems. [6] These are delocalized states consisting of linear combinations of the excited states of the uncoupled chlorophyll, where the delocalization is driven by the couplings between the chlorophylls. Thus, the excitons have energies, positions, and orientations of their transition dipole moments that differ from those of the individual chlorophyll. The excited state transition dipole moments of the individual chlorophyll are the Q y , or S 0 -S 1 , transitions. [2, 30, 31] This is illustrated for three coupled chlorophylls within the structural model of monomeric LHCII in Fig. 2a and b. The excited state transition dipole moments are shown for the individual chlorophyll in the absence of coupling and for the delocalized excited states that result from the presence of coupling. These are calculated using the Hamiltonian as described elsewhere. [11, 12] As evidenced from the differences in directions and lengths of the transition dipole moments between the two panels, the excited states do not have a clear correspondence with the molecular structure. Determining the spatial position of the delocalized states within the molecular structure, or the contributions of individual chlorophylls, requires knowledge of the chlorophyllchlorophyll coupling and of the transition energies of the uncoupled chlorophyll, known as the site energies. The chlorophyll-chlorophyll couplings can be calculated from the distances and relative orientations of the chlorophylls, which can be extracted from the structural model from X-ray crystallography. The site energies, however, are difficult to determine. They depend on various types of interaction with the surrounding protein matrix, such as electrodynamic interactions with the backbone of the a-helix and with side chains, differences in Mg 2þ ligation, conformational changes of the porphyrin ring. [32] [33] [34] The site energies are difficult to calculate theoretically because many of these interactions have similar strengths; they are also difficult to determine experimentally because the energy of each eigenstate depends on multiple uncoupled chlorophyll, each with its own coefficient to describe its contribution. The precision of the experiment makes this inversion prohibitively difficult. [12] (b) The structural model from X-ray crystallography of the major light-harvesting complex of photosystem II (LHCII). Few angstrom distances between pigments and other pigments and pigments and proteins give rise to the interactions that produce the electronic structure and drive excited state dynamics.
In order to characterize the excited state manifold, the angle between excited state transition dipole moments is a much more sensitive probe than the energies of the excited states, because the orientation scales non-linearly with the properties (energy and couplings) of the individual chlorophyll, whereas the energy scales roughly linearly with the energy of the coupled chlorophyll. [11] For example, energetic shifts within the inhomogeneous linewidth appear as large rotations of the direction of the transition dipole moments.
2D spectroscopy can be used to determine the angles between excited state transition dipole moments. [35] 2D spectra are plotted as a function of both excitation and emission for a given waiting time. Along the diagonal, when excitation and emission are equal, features mostly correspond to linear absorption and reveal the energies of the excited states. Off the diagonal, when excitation and emission are not equal, peaks indicate coupling at zero delay and show energy transfer through the appearance and evolution with delay time of cross-peaks. 2D spectra are generated through interactions with four electric fields. The variety of apparatuses used for 2D spectroscopy, and the apparatus used for this work, [36] have been well described elsewhere. [12, 20, [37] [38] [39] [40] [41] [42] In the experiments described here, there are four laser pulses incident on the sample, where the first three pulses generate a non-linear (3 rd order) response, which is heterodyne detected in the frequency domain through interferometry with the fourth pulse, the local oscillator. [37, 43] The delay between the first and second pulses, the two responsible for excitation of the system, is known as the coherence time, t, and the delay between the third pulse and signal emission is known as the rephasing time, t. The 2D spectra are recorded for a series of delay times, known as the waiting time, T, between the second and third pulses, or between excitation and emission events. Two characteristics of 2DES enable access to the angle between pairs of excited state transition dipole moments: 1) isolated cross-peaks corresponding to a single energy transfer step, due to resolution along both excitation and emission energy; and The angles between these transition dipole moments produce differences in the scaling of individual peaks in 2D spectra with changing pulse polarization, as illustrated in the non-rephasing spectra of LHCII taken under the (c) all-parallel and (d) cross-peak-specific polarizations. This behaviour is especially visible in the cross-peak highlighted with an arrow. This cross-peak shows the first step of the energy transfer pathway illustrated in (e), where energy first transfers across a large energy gap (via strong coupling) and then across a large intermolecular distance (via weak coupling). Parts of this figure have been reproduced with permission from ref. [11] .
2) independent control over the polarization of the four incident laser pulses. Each peak within a 2D spectrum is scaled based on orientational effects, meaning the scaling factor depends on the angles between the polarizations of the incident laser pulses in the laboratory frame and the angles between the excited state transition dipole moments in the molecular frame. [16, 44, 45] By varying the angle between pulse polarizations in the experiment and monitoring the effect on amplitude of a given cross-peak, the angle between excited state transition dipole moments of the donor and acceptor can be determined.
This technique was applied to LHCII in order to determine the angle between two of the excited states shown in Fig. 2a . [11] Two absolute value, non-rephasing (where non-rephasing refers to the ordering of pulses 1 and 2 [35] ) spectra of the Q y region (S 0 to S 1 transition) of LHCII are shown in Fig. 2c and d , under the all-parallel, (0, 0, 0, 0), and cross-peak-specific, (p/3, Àp/3, 0, 0), polarizations respectively. While both spectra have diagonal peaks in the Chl-a (14750 and 14900 cm À1 ) and Chl-b (15450 cm
À1
) bands, and show many similar cross-peaks, one cross-peak shows much larger relative amplitude under the cross-peak-specific polarization. The cross-peak showing energy transfer from the Chl-b band to the region between the Chl-a and Chl-b bands, highlighted with an arrow in the spectra, increases in relative amplitude in the polarized spectrum. Because the orientational prefactor under the cross-peakspecific polarization is at its maximum when the transition dipole moments are perpendicular, the enhancement indicates that the two states involved in the molecular process which gives rise to this cross-peak, the donor and acceptor states, must have an angle between their transition dipole moments close to 908.
One notable trait of LHCII that emerges upon examination of the direction of the excited state transition dipole moments is that they have been optimized towards more isotropic absorption within spectral regions. The position of the chlorophylls is close to isotropic, thus optimizing the system to absorb incoherent sunlight. [10] Even more notable is the isotropic absorption within all spectral regions. This suggests that the couplings and the site energies, discussed in the subsequent section, are such that, according to the working model, for the distribution of strength of the transition dipole moments between the two halves of the Chl-a band, the average standard deviation of the transition dipole moment strength of all three directions is only 0.33. [11] Transition Energies Tuned by Protein Environment The addition of a new observable, the angle between excited state transition dipole moments, provides a new constraint to the information already provided by resolving across both excitation and emission energies: this allows determination of the site energies, and thus accesses the final variable in the description of how the molecular structure produces the electronic structure. For the energy transfer step shown by the cross-peak highlighted in Fig. 2c and d , the chlorophylls that contribute to the donor and acceptor states can be determined based on a working model of the site-basis contributions to the excited states. [12, 15] By constraining the two donor Chl-bs, Chl-b 606 and Chl-b 607 (where the numbering is taken from the X-ray crystallography structure), to the range of energies observed spectroscopically, and then adding the new criterion that one excited state must have an angle close to 908 with the acceptor state, the site energies of Chl-b 606 and Chl-b 607 can be bounded. They were found to be 15630-15710 cm À1 for Chl-b 606 and 15680-15760 cm
for Chl-b 607.
As can be understood by the differences in these values, the protein environment tunes the transition energies of the chlorophylls. Introducing this variation serves to allow chlorophyll to absorb over a broader range of the solar spectrum and to introduce energy gradients between the chlorophyll, which is partially responsible in driving energy flow through the PPCs. In this way, nature is able to be parsimonious in its production of types of pigments, while still having the advantages of multiple different transition energies.
Directional Energy Flow
The excited state manifold produces a series of energy transfer steps that funnel the excitation to an exit site for transfer towards the reaction centre. These relaxation steps are facilitated by the spatial overlap of the excited states, which is determined by the Chl-Chl coupling, and by the Chl-protein coupling. [46, 47] The ability of 2DES to simultaneously resolve excitation energy, emission energy, and delay time between excitation and emission events provides a tool to survey the excitation energy transfer pathways that gives a more detailed picture of the dynamics of LHCII than was previously available.
Real, 2D relaxation (the combined rephasing and nonrephasing contributions at T . 0) and non-rephasing spectra of the Q y region of LHCII are shown in Fig. 3 with all-parallel pulse polarization, (0, 0, 0, 0). Energy transfer processes are shown by the appearance and evolution of cross-peaks, which are indicated by arrows in Fig. 3 , right. The series of spectra illustrates three distinct timescales of energy transfer processes. [12] As observed in Fig. 3a and b , energy transfers within all spectral regions within the first 100 fs. As shown in the spectra for these two waiting times, multiple energy transfer processes occur on slightly different timescales within 100 fs. Second, as shown in Fig. 3c and d, energy transfers on several hundred femtosecond timescales, and finally, as shown in Fig. 3e , on a picosecond timescale.
In combination with modelling of the electronic couplings based on the structural model from X-ray crystallography, these energy transfer pathways can be mapped back onto the molecular structure, giving a picture of energy flow through LHCII, which can then be studied to understand the functionality behind the dynamics. [12, 24] The results from 2DES [12] and previous experimental and theoretical efforts [15, 24] are summarized in Fig. 4 . There are two important attributes of these relaxation pathways, both of which have implications for the efficacy of the energy transfer processes. First, energy transfers on a variety of timescales, from sub-100 fs to picoseconds. This combination of timescales may aid unidirectional energy transfer. This is illustrated for one particular relaxation pathway in Fig. 2e , where the dynamics show the energy transfer steps studied to determine the site energies described in the previous section. Here, the first step is driven by strong pigment-pigment coupling, and thus the excitation energy relaxes across an energy gap larger than k B T at room temperature. The large energy gap helps prevent thermal backflow of excitation energy. This step is followed by energy transfer to a weakly coupled state close in energy. The weak coupling precludes a long-lived superposition, and thus prevents coherent backflow within a PPC. Therefore, the range of pigment-pigment couplings, as seen in the presence of a range of energy transfer timescales, prevents multiple types of backtransfer and so aids in driving unidirectional excitation energy transfer within a PPC. This discussion highlights the mechanisms by which excitations preferentially populate the low energy states of LHCII without getting trapped in local minima. Overall, the energy flow occurs within the context of a steep funnel in individual, monomeric LHCII complexes, where excited state energies spans .800 cm
À1
, or more than four times k B T at room temperature. However, for monomer-monomer energy transfer within LHCII, or PPC-PPC energy transfer within the PSII supercomplex the energy landscape is much flatter, and reversible energy transfer is indeed most likely important for these steps. Within LHCII, reversible energy transfer among the low energy Chl-a states most probably facilitates equilibration within the monomers of trimeric LHCII [48] and positions the excitation to transfer to neighbouring complexes.
The second feature of the energy transfer pathways shown in Fig. 4 is independent of where the initial absorption occurs, energy relaxes through the excited state manifold to preferentially populate two low energy Chl-a states. According to the model, both of these states are localized on the external portion , there is an increase in relative amplitude in the low energy Chl-a band (cross-peaks 1, 2, and 4). Increased population remains in the low energy Chl-a region at 200 fs (c). Second, at 300 fs, another set of energy transfer pathways into the mid-energy Chl-a region occurs (crosspeaks 3 and 5 in (d)). Third, on a picosecond timescale, cross-peak 6 shows energy transfers from low energy Chl-b to high energy Chl-a in (e). Population appears in this state at 1 ps, and then the cross-peak decays with the total signal. Figure was reproduced with permission from ref. [12] .
of the complex, thus positioning the excitation to transfer to neighbouring complexes in order to move towards the reaction centre. Because there are two states that are close in energy in this trimer of chlorophyll, the excitation can transfer easily between them. Therefore, there are two potential donors for transfer to neighbouring PPCs. Each donor is optimized to transfer energy in certain directions, that is to acceptors at optimal orientations with respect to the donor, depending on the value of its transition dipole moment. [12] In combination, these states can transfer energy nearly isotropically within the membrane plane. Thus, energy can transfer from LHCII to nearby complexes no matter what the relative positions of the two PPCs. This functionality is especially important for LHCII, as it is situated within an array of antenna PPCs in the membrane. [3] Additionally, this flexibility makes the system more robust to variations in the relative positions of the PPCs.
Quantum Coherence
The many ultrafast energy transfer steps within LHCII, described in the previous section, arise from the strong pigmentpigment coupling between these chlorophyll. This strong coupling also means that a classical picture of an excitation hopping from excited state to excited state breaks down. Instead, recent work has observed quantum coherence, showing that the coupling is strong enough that the excitation oscillates between excited states. [27, [49] [50] [51] [52] Essentially, the coupling between chromophores, which drives electronic coherence, is stronger than the coupling to the surrounding protein environment. Thus, the system maintains a superposition state, meaning that there is phase coherence between two states, for longer than the timescale of many of the energy transfer steps. [53, 54] Because the strong coupling is a by-product of the dense packing required for optimal absorption of solar energy, the quantum coherence is also a result of this density.
While previous experiments had suggested the presence of quantum coherence in photosynthetic systems, 2DES is newly able to directly access these signals. Because 2DES is a phase-sensitive measurement, in all-parallel spectra quantum coherences appear as intensity oscillations with frequencies corresponding to the energy gap between the two states in the superposition. Alternately, a coherence-specific-polarization sequence, (p/4, Àp/4, p/2, 0), isolates the signal corresponding to quantum coherence and only contains features that arise from quantum coherence. [55] Thus, the evolution with waiting time of peaks in spectra taken under this polarization sequence indicate the evolution of quantum coherences. Integrating spectra taken under this polarization sequence shows the evolution of the total coherence with waiting time. The decay of quantum coherence in the system produces the decay of intensity. Fitting this decay can quantify the timescales of quantum coherence. In LHCII, there is a fast decay component (,50 fs), corresponding to the short-time effects from ultrafast experiments, and a longer time component (,700 fs), corresponding to the quantum coherences that may play a role in energy transfer. [56] The observation of this second, long-lived timescale of quantum coherence means that quantum coherence lasts longer than many energy transfer steps. The pigments must be strongly coupled, which in turn means they must be closely spaced, to ensure this long-lived quantum coherence.
The observation of quantum coherence within photosynthetic PPCs [27, [49] [50] [51] [52] has led to speculation that the excitation may maintain phase coherence as it travels through the molecular structure, [53, [57] [58] [59] [60] and that this behaviour may contribute to the efficiency of photosynthetic light-harvesting. This speculation has led to a significant theoretical effort around quantifying potential contributions of quantum coherence to the efficiency of photosynthetic light-harvesting. Oscillations of an excitation between excited states may have functional benefits, such as avoiding trap states. The ability to oscillate between two states could prevent the excitation from getting stuck in local minima, making light harvesting robust with respect to spatial and energetic disorder resulting from different protein conformations, pigment positions and temperature.
Conclusions and Outlook
Using 2DES to study LHCII, the most abundant antenna complex in natural photosynthesis, several characteristics of photosynthetic PPCs have been observed: 1) as a result of the dense packing of pigments, there is strong electronic coupling, which can be detected through ultrafast energy transfer and quantum coherence; 2) a range of coupling strengths to ensure unidirectional energy transfer without trapping in local minima; 3) optimizing input/output states by position and level of delocalization. In combination with theoretical work, these characteristics can be identified, and their molecular origin can be assigned. Essentially, these characteristics arise from the choice of pigment density, which provides an important tool in overcoming both the paucity of photons and giving rise to energy transfer steps from couplings that produce ultrafast, directional energy transfer towards the reaction centre. The observed functional benefits for natural light-harvesting systems means these characteristics should be included in any blueprint for a light-harvesting device. [28] Many different approaches have already been applied to replicating photosynthetic light-harvesting, including genetic manipulation of natural systems, [61, 62] incorporating biological components into artificial devices, [63, 64] synthetic biomimetic devices, [65] [66] [67] and artificial mixed biological/inorganic devices. [68] In developing an understanding of the structurefunction relationships that underlie photosynthetic lightharvesting, more and more of the principles of natural systems can be incorporated into artificial devices in order to optimize their function to meet growing energy needs. [69] 
